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Abstract
In this paper, we discuss a possibility to improve constraints on spin-dependent short-range interactions in the range of 1 – 200µm
significantly. For such interactions, our constraints are without competition at the moment. They were obtained through the
observation of gravitationally bound states of ultracold neutrons. We are going to improve these constraints by about three orders
of magnitude in a dedicated experiment with polarized neutrons using the next-generation spectrometer GRANIT.
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1. Introduction
We propose an experiment to search for a new spin-
dependent and short-range interaction. Such an interaction
could be caused by new, light, pseudoscalar bosons such as
the axion. The axion was originally proposed in [1,2,3,4]
as a solution to the strong CP problem, caused by the
smallness of the neutron electric dipole moment. The axion
would have profound consequences in cosmology and astro-
physics [5], and the non-observation of these effects limits
the axion to have a mass in between 10µeV and 10meV.
Modern earth-based searches for Axions are mostly based
on its two-photon-coupling [6]. In addition, an axion, or an-
other new pseudoscalar boson should couple to fermions.
An exchange of a virtual pseudoscalar boson gives rise to
a macroscopic force between fermions. Of interest here is
the search for a new CP violating interaction between a
fermion and the spin of another fermion, given by (see [7]):
VSP(r) =
gSgP
8π
(~c)
2
mnc2
(σn · rˆ)
[
1
rλ
+
1
r2
]
e−r/λ (1)
Here, gS, and gP are the scalar and pseudoscalar couplings
of the fermions to the exchange boson, where gP acts on the
polarized fermion. The range of this potential is determined
by λ = ~c/m, where m is the mass of the exchange boson.
We note that more general forms of spin-dependent short-
range interaction due to the exchange of new bosons are
possible, as discussed in [8], but are beyond the scope of
our present discussion.
In a previous experiment, in which gravitationally bound
states of ultra-cold neutrons were observed for the first time
[9,10,11], the height of the lowest bound states were visu-
alized. Here, ultra-cold neutrons enter a slit between a flat
horizontal mirror and an absorber/scatterer. At the exit,
the transmission through the slit was measured as a func-
tion of the slit height ∆h. The potential seen by a neutron
above the mirror is the gravitational potential, which in-
creases linearly with the height coordinate z. The height
of the wave functions of the neutron states increases with
the state number k. Neutrons whose wave functions are
not vanishing at the absorber/scatterer were removed from
the through-going neutron beam. Only the neutrons whose
wave function are low enough could be detected at the end
of the slit. An additional potential will change the shape of
the wave function, and consequently of the neutron count
rate at a given height of the slit. In principle, the pres-
ence of the absorber affects the shape of the wave func-
tion, too; but all models for the rough absorbers used in
these experiments [11,12,13,14] agree in that these changes
are small (but not negligible). As the experimental results
supported the quantum mechanical expectation without
additional forces, the agreement can be turned into con-
straints onto additional forces. This has been done for spin-
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independent forces with a range of nanometers [15] or mi-
crometers [16]. There is also the possibility to set a limit
on the spin-dependent short-range forces of interest here,
even if all particles are unpolarized. Adding a potential as
in eq. 1 would cause the wave function of the ultra-cold
neutrons to split into two spatially distinct components for
the two possible orientations of the neutron spin. This is
similar to a Stern-Gerlach experiment: One of these com-
ponents would be slightly higher, and the other slightly
lower than as in the case without an additional potential.
The dependence of the neutron transmission versus the ab-
sorber height would look different and start at lower slit
heights if a spin-dependent potential above our sensitivity
limit would be present. This analysis is discussed in [17].
In this article, we will propose a dedicated experiment,
in which we will use polarized neutrons to turn the absolute
measurement of the transmission vs. slit height dependence
into a relative measurement. The existence of an extra spin-
dependent short range interaction would show up as a de-
pendence of the neutron transmission through a slit with a
given height ∆h on the polarization state of the neutron.
2. The effect of an additional potential on the
neutron transmission
In the previous experiment, we could describe the mea-
sured neutron transmission through the slit between bot-
tom mirror and absorber in the tunneling model. The data
and different model functions are shown in fig. 1. The
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Fig. 1. Count rate through slit vs. slit height. Besides the data points,
model functions without additional potentials (dots), with a new
spin dependent potential for both spin states (dashed lines) and the
sum of the last two (solid line) are shown.
lifetime of a neutron in a given energy state k is called
τk,absorption and has to be calculated using a model of the
absorber. In the tunneling model, the neutron transmission
for an ultra-cold neutron is given by
T (∆h, k) = βke
−
τpassage
τk,absorption (2)
= βk

 e
−
L
vhor
·α·exp
{
−
4
3
(
∆h−zk
l0
)3/2}
; ∆h > zk
e
−
L
vhor
·α·1
; otherwise
Here, l0 is the characteristic length scale, which is
l0 =
3
√
~2
2m2ng
= 5.87µm (3)
The zk are the classical turning points, and we have z1 =
2.34l0, z2 = 4.09l0, . . . for the wave function unperturbed
by the absorber. The factor βk allows for a suppression of
individual states (β1 ∼ 0.7 is found from a fit to the data, all
other βk are set to unity), and α parametrizes the efficiency
of the absorber and the frequency with which the ultra-cold
neutron attempts to cross the gravitational barrier. The
passage time τpassage is given by the length of the absorber
L and the average horizontal velocity vhor of the neutrons.
The total transmission is then obtained by a sum over the
transmission of all neutron states k [19,12], truncated at
some state number high enough that the transmission in
this state can be neglected. The tunneling model is further
described in [11].
The additional potential acting on the neutron can be
gained by integrating eq. 1 over the mirror:
VSP (z, λ,∆h) = + g
N
S g
n
P
(~c)
2
ρmλ
8m2nc
2
e−
z
λ (σn · zˆ)︸ ︷︷ ︸
±1
− gNS gnP
(~c)
2
ρmλ
8m2nc
2
e−
∆h−z
λ (σn · zˆ)︸ ︷︷ ︸
±1
(4)
The first term is caused by themirror, and the second by the
absorber. The density of mirror and absorber is given by the
glass substrate, which might be quartz (ρm ∼ 2.5 g/cm3).
As the coupling constants depend on the particle which is
coupling, we denote with gNS the scalar coupling to a nucleon
of mirror or absorber and with gnP the pseudoscalar coupling
to the neutron. For sufficiently high λ, we find that the
potential is linear in z and we can calculate the shift of the
classical turning points by a redefinition of gravitational
acceleration g (see the discussion in [17]). For arbitrary λ,
we can use the WKB approximation 1 : We calculate the
energies E±k and modified turning points z
±
k through
√
2m
~
z±
k∫
0
√
E±k
(
gNS g
n
P, λ
)
−mgz − VSP (z, λ,∆h)dz
= π
(
k −
1
4
)
(5)
The energy E±k and the position of the classical turning
point z±k of each state k depends on the orientation of the
1 Our problem is discussed in [18,19], note the unusual constant 1/4
which is due to the potential wall as the lower boundary condition.
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Fig. 2. Setup of the proposed experiment.
neutron spin. We end up with the spin-dependent trans-
mission of the slit to be
N±(∆h) = N0
∑
k
T±(∆h, k) (6)
Here, N0 is an overall normalization factor. T
±(∆h, k) dif-
fers from T (∆h, k) by the use of the shifted turning points
z±k . A variant of this method was used in [16].
3. The experimental setup
In the new experiment, we will use a variant of the
GRANIT experiment [20,21,22] to measure the transmis-
sion of polarized neutrons through the slit between a bot-
tom mirror and an absorber. We will use the new ultracold
neutron source [23] which is dedicated to the GRANIT ex-
periment to make use of the higher statistics. We will have
to polarize the ultracold neutrons (UCN) and maintain
the polarization with a magnetic holding field. Therefore,
the UCN pass a polarizing foil at the entrance of the spec-
trometer. The experiment is embedded in a homogeneous
magnetic holding field B0, whose size and magnitude can
be changed for systematic reasons, as discussed below. The
holding field is responsible for maintaining the spin state
of the neutron. The setup is shown in fig. 2:
The polarizing foil is a silicon wafer, 300µm thick, with
a ferromagnetic coating. After the polarizing foil, the neu-
trons are guided by a magnetic field behind the polarizer.
This magnetic guiding field will keep the neutrons polar-
ized along the magnetic field lines. It can be set in different
ways:
– Polarization in +z direction: Our guide field coils (not
shown in fig. 2) produce a homogeneous magnetic field
in +z direction with a size of B0 = 0.1mT. The wires for
the spin transport are not used.
– Polarization in -z direction: The wires for the spin trans-
port are used, a current of I = 77A runs through them.
The magnetic field in this configuration is shown in fig.
3. At the end of the spin transport zone, the neutron spin
points along the magnetic field lines, which is in -z di-
rection. The neutron which traverses the polarizing foil
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Fig. 3. Superposition of magnetic field of transport and guiding field.
sees a magnetic field which changes slowly enough that
the spin stays aligned along the magnetic field lines.
After the neutron spin state is selected, the neutrons
stay in the magnetic holding field B0 while passing through
the slit between the bottom mirror and an absorber. The
transmission of the slit in the different spin states is given
by eq. 6. The turning points z±k depend on the spin state,
and as a result the count ratesN+(∆h) andN−(∆h) of the
UCN behind the slit depend on the direction of the neutron
spin if an additional potential as in eq. 1 would be present.
A special extra-low background gaseous He-3 neutron
counter has been developed and tested for this experiment.
Neutron velocity spectra will be measured using position-
sensitive UCN detectors analogous to those presented in
[24].
4. Discussion of expected uncertainties
Wemeasure the count rate asymmetry ǫ(∆h) for different
directions of the neutron spin, defined as
ǫ(∆h) =
N+(∆h)−N−(∆h)
N+(∆h) +N−(∆h)
(7)
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Fig. 4. Constraints from different experiments on a new spin-depen-
dent short-range interaction. Note that the definition of the coupling
constants is different for different authors by a factor of ~c. The
thick black lines are constraints for an interaction coupling to a neu-
tron spin, and the thin gray lines are for interactions coupling to
an electron spin. The projected limits are given as the envelope of
measurements at three different absorber heights ∆h.
Compared to our previous experiment, which was limited
by systematics, this asymmetry is more sensitive to turning
point shifts due to the relative nature of the measurement.
Therefore, we expect to gain a factor of 30 in the sensitiv-
ity compared to our previous analysis. In addition, we gain
in statistics a factor of 3 due to the larger mirrors used in
GRANIT, and a factor of 15 due to a more intense source
and maybe a longer measurement time. In fig. 4, the pro-
jected sensitivity limit is shown for three different settings
of the absorber heights ∆h. If we wanted to achieve the
optimum sensitivity for interaction ranges λ > 1mm, we
would do additional measurements with ∆h ∼ λ. However,
we would not be competitive. Fig. 4 shows also limits from
other experiments. Only in [25,26], a limit could be ex-
tracted for a pseudoscalar coupling to a neutron. As a com-
parison, constraints from [26], and from others [27,28,29],
for a pseudoscalar coupling to an electron are also shown.
The most important systematic uncertainties are con-
nected with the magnetic field. In the linear approximation,
the proposed additional interaction from eq. 4 with a mag-
nitude at the limit of our sensitivity looks like an apparent
magnetic field gradient with a size of the order of 1µT/cm
(We are not sensitive to a constant magnetic field). This is
a magnetic field gradient which is easily avoided if its origin
is an imperfection of the magnetic holding field B0. Fer-
romagnetic impurities in bottom mirror and/or absorber
could in principle mimic such a field at least in average, but
their main effect would be some kind of magnetic rough-
ness which would cause a loss of all UCN, as the roughness
would cause transitions between different energy states. In
addition, such inhomogeneities would hardly be homoge-
neous over the width of the slit. In addition to these indica-
tion, we are planning to look for ferromagnetic impurities
with other methods, i.e. SQUIDs (Superconducting Quan-
tum Interference Devices). The effect of para- or diamag-
netism in mirror or absorber is expected to be small. To the
first order, it will add a homogeneous field to the magnetic
holding field B0 which does not influence the result. False
effects due to the magnetic interaction with mirror and ab-
sorber can be studied in measurements with different sizes
or orientations of the magnetic holding field or the mag-
netization of the polarizer. In addition, we can repeat our
experiment for different slit sizes ∆h, for one to pinpoint
the range of an additional interaction if we find it, and to
discriminate against possible magnetic false effects.
We can prove the adiabaticity of spin transport across
the installation by adding an analyzer to the setup.
There is a small Stern-Gerlach effect in the spin trans-
port zone, which might shift the UCN by about a microm-
eter. This is a potentially dangerous systematic, as it can
couple to a potential position-dependence of the efficiency
of the polarizer. Again, a change of the size of the magnetic
holding field B0 will affect the Stern-Gerlach effect, while it
will not influence an effect due to an additional short-range
interaction.
5. Conclusions
We interpreted the results of the experiment, in which
gravitationally bound neutron states were discovered, as
constraints on extra spin-dependent short-range interac-
tions which could be caused by axion-like particles. These
constraints can be significantly improved if polarized neu-
trons are used. Such an experiment will be performed in
the setup phase of the new GRANIT spectrometer. This
type of experiment is uniquely suited for a search for new
interactions with a range of 1− 200µm, as this is the char-
acteristic length scale of the lowest bound quantum states.
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